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NEW RESULTS OF SHIELDING RESEARCH

0.1.Leypunsky, S.6.Tsypin, A.A.. L bagyan, V.N. lvacy, S0 Belov, I B Breshenkova, (A Vasilyev,

A.P . Veselkin, V.K.Daruga, S.I".De gtyarev, V. A.Dulin, U.A Egorov, U.A. Kuzansky, L.R.Kimel, V.A.Kli-

manov, V.I. Kukhteviteh, .S Matus evich, V. I Mashkovich, M.E.Netecha, AV . Nikitin, V.V Orlov,

U.V.Orlov, U.V.Pankratyev, AM. Panchenko, V.1 Popov, V.K.Ssharov, B.1Sinitsin, 1.4 Trikov,
B.P.Shemetenko

The results of new experimental and theoretical rescarches on different items of shielding
are given in the present paper.

Section 1 presents data on the radiation field from the point monodirectional source which
permits to receive data on the radiation ficld from sources of different shapes.

Seetion Il contains detailed information on the angular energy and space distribution of a
neutron flux and of gamma rays in the medium as well as on their boundaries of the production,
the yield and the processes of suppression of capture gamma radiation on the optimization of
shielding physical characteristics, on the spectral angular characteristics of radiation scattered
in air,

Section llI is dedicated to the experimental and theoretical determination of the dose build-
up factor of the neutron radiation for various shielding media which presents some practical

interest.

Section 1

RADIATION FIELD FROM MONODIRECTIONAL SOURCES

A great conliguration variety of radiactive sources encountered in all fields of atomic power
application presents a oblem in the radiation field definition in the shielding media surround-
ing the radiactive matter,

It stipulates a search for such simple sources, basing on the known radiation field of which.
one may draw up the radiation field of any compound source configurations. The point monodirec-
tional and monoenergetic source (narrow fine beam) which is the most elementary source gives
wide latitude in the use.

The field of the point monodirectional source can be deduced by solution of the kinetic
transport equation, by Monte Carlo or experimental methods.

A number of papers are dedicated to these studies {1-23). The solution of the kinetic equa-
tion presents great difficulties and has not been conducted heretofore {7, 16, 21, 22}, The
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calculations of the radiation field from o narrow heam with the initial energy of ppmma-quanta
of 0.66 Mev distributed in iron at distances up to 7 mean free paths andin air at distances less
than a mean free path of the gamma-quanta and neatrons of different energies from o narrow
beam have been caleulated by the Monte Carlo methods. A great numberof varinbles presents
certain difficulties for the application of the Monte Carlo method. A deficiency in the theore-

tical data on the narrow bean radiation field induced experimental research,

§1. NARROW BEAM OF GAMMA-QUANTA RADIATION FILLD MEASUREMENT

A narrow beam was produced by the strong collimation of the radiation of the point isotropic
sources (2{1:}7, (‘.6(9, Na#. The calculations were carried out in infimte geometry. A scintil-
lation counter with an organic crystal and a small-size halogen counter with special filters,
smoothing away the dependence of the reading of the detector from gamma-quantum energy [231,
were used so that the readings of the detectors in pulses per minute were proportional to the
scattering energy flux of Mev/em? min materials, gamma-quantum energies and maximum distances
are listed in Table 1 on which the functions of a narrow beam distribution have been studied.,
As an example Fig.1 gives the space distribution of the scattered energy. (I)O(-r., l_';, Ey, 60
in points T, from a narrow beam with the initial encrgy of gamma-quantum I, = 2.76 Mev,
emitted from the point ?0 in the direction 50 in Al It should be noted that 4 (r, ?0, oy 60) =
= @, (z,p) as itis assumed that T, = 0, the beam is directed along the axis z, and Z,p=—are
cylindrical coordinates; the distribution on v is isotropic: The shape of the curve for the
distribution functions & (z, p) given in Fiz.1 is typical for other materials and energics,

The functions @, (z, p)are shown in Figure 2 for a number of materials from a narrow beam
with the initial energy of 1.25 Mev for p,z=2. Figure 3 shows the space energy distribution
of gamma-quanta in water from a narrow beam with the initial quantum encrgy of 0.66 Mev G
(z, p, E) in the cylindrical system of coordinates.

The scatiered radiation distribution in water from a narrow beam in the plane normal to the
direction of the beam ®,(z, p) for the points standing from the source more than one mean free
path may be expressed by:

— O, (z,p) = E e.”ﬂz ,u.g poz®(a pop) Mev/cmisec (1) -

where L) — Mev/sec is the source strength: ko the linear attenuation coefficient; ®(ay,p)

is the King function,
[ 2mpyz
a= —

3(B-1)

] B is the energy build-up factor of the plane monodirectional source. For the materials with -
the atomic numbers more than that of water, in expression (1) instead of <b(a,lo p) should be
used. — E;j(-ap, p)
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82, MEASUREMENTS OF NEUTRON FIELD 3 ROM DISK MONODIRECTIONAT, SOURCHE

The disk monodirectional source was used for the experimental studies due o its axial
symmetry, The measurenents of the disteibution funetions were carriedont on the B -2 facility
[12, 197 of the reactor HP2-5, which was the disk monodirectional sowree with the diameter of
20 = 30 em (see §1, section 2). The measurements were conducted in water, in Fe, and in (0,

As an example Figures 4, 5, 6 show some distribution functions of the pointed neutron fission
source in water, measured by the P, p) reaction in e, AT (0, d) reaction and $32 (n,p)
reaction in . For comparison Fig.5 also gives the caleulated data [16]. Figg. 7 gives the fune-
tions gdisk (2, p, @) for one thickness v 30 em, for a number of materials and for 139
source, measured by s32 {n, p) reaction,

[tis not difficult to show that for the space distribution functions one may make some
transformations from the disk monodirectional source o the plane monodinectional source accond-
ing to the following formula:

@bl monod. () (I?ﬂ(lwfm (l)(“Sk(Z, p,a)plp (2)
0 0

. Coa , . S dis
Knowing the space distribution function from the disk monodirectional source 45K (z,p,a)

with the corresponding simplifying assumptions one may perform a retransformation to the nar-
row beam [13,19].

Section Il
DISTRIBUTIONS AND RADIATION PRODUCTION IN VARIOUS SHIEI DING MEEDIA

§1. FACILITIES FOR SHIELDING RESEARCIH
The facility B-2 [12] was established on the fast neutron. reactor BP-5 [24] for investigation

of neutron passage through various shield materials and assemblies (see Fig.8). The essential
difference of 13-2 from the [acilities known in the literatore is the use of the disk monodirec-
tional source which permits to obtain more detailed information concerning the shield under the
investigation (sec I"ig.9). The reactor " PH3" isa zero-power uranium —water reactor for the
investigation of the production, yield and the processes of suppression of capture gamma radi-
ation in the shielding (see Iig.10). The special top-shield made from BB4C and B; pemits to

acquire a good ratio between the emerging neutrons and the gamma-ray fluxes.

§2. NEUTRON PASSAGE

The fast neutron passage of the reactor BP-5 with the energy of E>2-3 Mev in Lill and
in C infinite geometry was studied. The measurement results given in Fig. 11 are compared
with the calculations [9, 25]. The satisfactory agreement between experiments and calcula-
tions testifies theaccuracy of calculated method and the proper chosen cross-sections. In
media which contain  no hydrogen the neutron flux distribution with the energy of E >2-3 Mev
for the shielding thicknesses R from 2 to 15-20 mean free paths is approximated by the fol-
lowing expression: @ (R) ~exp (-qR), where the following values may be used as q: the removal

cross-sections I rem, if one considers the neutron group with the energy above 3 Mev {261,
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the cross sections obtained by reciprocal relaxation lengths .‘_‘l/'\ for the neutron group with
the energy above 3Mev [26]; the asymptotic cross-scctions, obtaine | from the solution of the
one-velocity kinetic equation in the transport approximation [26] by using the group constant
system [27], (28] for the groups with theenergy of 1.4 — «, 2.5 — w Mev,

Table Il presents these parameters taken from the numerous literature sources or obtained
by the authors of the present report who studied experimentally the neatron passage in the
infinite extended shielding media of C, Na, Fe andalso in ferrum-carbon and ferrum oxigen
mixtures,

The angular energy distribution of fast neutrons was experimentally investigated by the
method presented in [29, 301. The reaction D (1), n) et servingas a neutron source (3.4 Mev
energy). As an example Fig.12 shows the angular distributions of neutron energy groups for
1150, C, Fe and Pb. The angular dependence of the scattered neutron groups in the solid
angle dQ in the range of 3.1 to 3.4 Mev'can be presented as exp (0/00) where 0 for 150, €
and Al is about 20°, and for the media with A > 30 ~35°. The angular distribution of the fast-
neutron dose with the energy over 0.4Mev for media with A > 30 may be presented as the same
function with the parameter AR for HoO and angles 6>10°, 0, ~ 45°. Angular
distribution representation as a monoparameter function is accurate within 10%.

§3. CAPTURE GAMMA-RADIATION AND SUIELD OPTIMIZATION

It is advisable to introduce experimental parameters characterizing the capture gamma-ray
output from various shields. One of such parameters is the secondary gamma-radiation coef-
ficient B, equal to the ratio of the total gamma-quantum number emerging from the shield to
the total number of the neutrons having left the shield [31]. Starting from a definite thickness
of the shielding 8 was proved to be constant and was defined only by the media properties.
Fig.15 shows 8 coefficients measured on " PU3" reactor for Fe, Ni, homogeneous mixture of
Ni with B. Boron-containing additions injected into the shield can decrease the capture gamma-
ray output.Boron -injection was found to decrease gamma-ray output e:ffectively only at its
small quantities (up to 2—-3% weight). Fig.14 gives the characteristic dependence of the
gamme-ray output from Fe and Ni on the boron weight concentration, -

Various shield characteristics may be given as:

Jx= S, 8, E)Py "8, E)dTd O dE + ¢ [5; (1))

Shield. weight is f:unctional': Py =(3p ()dv "
i

where: ® — neutron flux, P} — characterizes the process, stimulated bv neutrons (capture
gamma-radiation, heat generation and so on). ¢ - is defined by the external gamma-radiation
sources. p; — is material density. .

Shield optimization task can be put as follows. Minimum Jo value must be found on condi-
tion that J; . ........ Jx I, values do not exceed same definite value. Shield material
efficiency functions f:} (k=0.1....m)[32] characterizing variation of functionals Ji while

introducing a single quantity of i material into jpoint can be calculated by utilizing adjoint
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function method and perturbation theories. Let us introduce (n+1) ~ dimensional space the

components of which are Alg, Al} Al and separate from it the direction of the minimiz-
- -»

ing value J, —S,.Shicld material distribution pj (t) where fij vectors with fiLLOIII[)Onean

form a convex cone which does not contain a vector with minimizing direction S, is considered
to be optimum.

Note that shield material efficiency functions may be obtained experimentally and on this
basis optimization can be experimentally yielded. llydrogen efficiency function p, . = 0.111 g/cm3
in Nickel f .(r)in relation to capture gamma-radiation was obtained on resctor "PU3 " (Fig.15).
The same llﬁ{]ction was calculated by the perturbation theory expressing [32]. Fig. 15 shows
that the agreement is satisfactory. jilj dependence in maximum from hydrogen value was

experimentally shown to be linear up to 0.11 gr/cm3 hydrogen content.

§4. NEUTRON AND GAMMA-RAY SCATTERI"/G IN AIR

In the area of R-distances negligible as against the free-path length 1/%(E,) there take
place compensation of the multiple scattered radiation accumulation and absorption. As a result
of it space distribution of the flux or dose rate is proportional to 1/R (R - the distance source-
detector). This relationship was experimentally proved by the authors and is following from
calculation works [9,33-36]. The relationship 1/R essentially simplifies the description of the
scattered radiation distribution from various sources in the air.

Having introduced the relative flux N defined by the ration of the scattered neutron flux
in the air to the flux in vacuum in the same place, space distribution N from the point iso-
tropic source can be given as Nj (R,Eg) = (2.15:0.2) R [Z,(Ey) = 25 (Ex)1a(E,) where %, (Eo)
is absorption cross-section, a(Eo) « 1 for E, <6 Mev and smoothly swifts to 0.8 at E, = 14Mev.
By analogy we have Dy (R, Eg) = B(Ey) VE{(EQR for the relative dose rate Dy, where

B(E,) = 0.195:0.02 for E, = 0.1—6Mev and 0.145£0.015 for E = 7-14 Mev. Nj and D, values are
dependent N (R, E,) = (1.1-1.2) D, (R, E,).

Experimental and calculation values show that within the accuracy +20%, geometry of
monodirectional source-isotropic detector is equivalent to an isotropic source monodirectional

detector, In such a case their corresponding relating dose rate distributions P, and Q, can be
given as:

; 2(E, ¢
P, (R, Eg, ) =2.2vE; - Bt o) and Oy (R, Eo, ®)-2.2VERY " © ',

where 5 and ¥ are orientation angles of the monodirectional source and detector correspond-
ingly®(Eo) for Eg = 0.1 — 14 Mev changes in the range from 1.1 to 1.4 for n and ¥ from 5 to
1200, Fig. 16 illustrates the relationship of Py from 5.

Fig.17 illustrates the comparison of two geometries’: the point isotropic source — monodirec-
tional detector (experiment) and the point monodirectional source — isotropic detector (calcula-
tion). Fig. 17 shows that neutron spectrum degradation from orientation angle is small and
energy distributions are close for both geometries.

Space distribution of relative dose rate of scattered gamma-rays 0.5<E; ¢ 10Mev from

isotropic source without taking into account annihilation radiation has the following expression,

317
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Dy, (g, 1) = 4.3 10720 (7.7 — ___ T
o — 2.5

; e
l'() — &)
liexp (- —

) | exp(0_ 7 )

0.1 0.1

where I - 6 Mev, and 13 in .

Space distribution of relative dose rate of scattered gamma-rays in the air from a point

monodirectional source has the expression:

% hy 70 200 < 5 <900
o]

Py(l':o» R, 9) =

2. 10°2
L1202 0.5 90° < 5 < 180°

I',O

for energy I from 0.4 to 1.5 Mev without taking into account anihilation radiation.

- LC(p(r — 7)R
Py (g, Ryp) = 17

T(Ey)Sin 5
for energy Eo more than 2 Mev L, is constant here, C () is compton differential cross-section,
T(Ey) is gamma-ray dose rate with ll, energy, Py(ﬂ) changes as IR distance increases, Iig. 18
illustrating it. Fig. 19 shows the reversibility of geometry for gamma-rays which takes place
by analogy with neutrons. This I'ig. gives the experimental values of energy distribution for
Eq=1.25 Mev n=W =60°and R = 16 m from monodirectional source Py(F,) (isotropic detector)
and from isotropic source qy(l')) (monodirectional detector),
Fig.20 shows how. much the calculation in single approximation underestimates the "’soft”
part of the spectrum. The calculation distribution was "spoiled’ by the energetic resolution

of the spectrometer.

Section 1
NEUTRON DOSE BUILD-UP FACTOR

Dose rate calculation method from neutrons of reactor spectrum is offered in this article.
This method is based on the utilization of the removal cross-section method, kinetics equation
solution multigroup method of neutron transfer and introduction of dose build-up factor notion
of neutron radiation analogous in form to the corresponding notion for gamma-quantum.

Recently semiempirical removal cross-section method has developed and is widely used in
calculations. It enables to define fast neutron altenuation with energy above 2-3 Mev with
certain simplicity. Hence, for neutron radiation, dose build-up factor is convenient to he
normalized on the fast neutron dose rate. In order to determine dose built-up factor in relation
to fast neutron group kinctics equation solution multigroup method of neutron transfer in age-
diffusion approximation exactly taking into account modention in hydrogen. On the busis
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of N. group neatron flux calculations and conversion factors of neutron flux into dose rate {39
dose rate space distributions were caleulated for cach energetic neutron group I)j (r). Dose
build-up factor was calculated by the expression:
N

B(r) - .z‘] (D} (/1 (1) ()
Two groups of questions are investigated,
L. Mnergetic and space dose rate distribution from neutrons in homogencous protective material
media in infinite geometry. In this case theouter boundary of the investigated protective layer
was supposed to be black,
24 lnergetic and space dose rate distribution from neutrons in various combinations of potect-
ive materials, imitating by themselves the possible combinations of the last biological shield-
ing layers, In this case geometry, generally speaking, is barier, but distorted by the presence
of man and the scattering from surrouding walls and structures, Jence it was decided 1o place
20 cms of polyethylene, nuclear-physical properties of which are close to that of the biological
tissue to behind the last layer of the composition, and to make the multigroup fluxes equal to

zero on the extrapolated boundary beyond the indicated material,

§1. NEUTRON SPECTRUM MEASUREMENT AND DOSE CALCULATION

The succession of dose rate calculation from neutrons of reactor spectrum is the following.
By the removal cross-section method dose rate was calculated first from fast ncutrons with
utilization of dose attenuation curves in hydrogenous shield. Then the dose build-up factor
was chosen according to the concrete composition of the biological shielding outer part.

Spectral distribution measurements of neutrons within 0.9 ~13 Mev for some homogenous
shielding materials among them for scrpentine, for mixture of polyethylene, iron and lead and
for mixture of graphite and iron were made for averaging nuclear-physical constants in the
range of 10 MeV > [, > 0.7 MeV in addition to the known data [25, 40].

Constants for neutrons within 0.7 MeV » liy > 0.4 ev were averaged on asymptotic spectra
of slowing down neutrons. In a number of materials it was necessary range to measure neutron
spectrum in epithermal energy especially.

Energy distribution measurements of fast and intermediate neutrons were produced on
water-moderated water-cooled research reactor. Fast neutron spectra in the range of 0.9 <13 MeV
were measured in the conditions of barrier geometry. I°or measurements single-crystal scintil-
lation spectrometer was used with stilbene crystal and gamma-background discrimination,

There were measured spectra of fast ncutrons havingpassed through different layer
thickness of homogenous materials such as polyethylene [41], graphite, iron (St-3), lead [40]
and through different laycr thickness of mixtures of iron with polyethylene, lead with polye-
thylene, iron with graphite. As well fast-neutron spectrum deformation was investigated when
passing through serpentinite (SiOg — 39%, MgO - 37%, 90 - 11.5%, Feg03 - 8.5%).

Energy distribution of epithermal neutrons was investigated with the help ofa number of

radioactive resonance indicators by "’comparison with 1/E" method. Measurements were car-
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ricd out in semi-infinite geometry conditions. Indicator-set enabled to define spectral-line

shape in therange of 0.46 ev up to € kev. As an example energy distributions of fast neutrons in
the mixture of polyethylene + iron are given in Fig. 21, Energy distribution of epithermal
neutrons in iron and grphite with boron is given in Fig, 22.

§2. CALCULATION OF DOSE BUILD-UP FACTORS

Using formula 3 we calculated dose build-up factors in the following homopencous
materials: water, homogeneous water-iron shiclding with 50% iron content by volume, polye-
thylene, polyethylene with 2.5% natural boron content by weight, serpentine concrete, graphite

and boron mixture (8% boron by weight), titanium hydride titanium hydride with 2.5% boron
content by weight, iron, iron with 0.8% boron by weight, lead and graphite.

Besidesthere was studied the contribution into the total dose from neutrons of various
energetic groups in compositions of shieldings representing possible arrangement of the last
layers of the real biological shielding.

In all compositions hydrogenous medium was chosen as the first layer, it being of such
thickness so as the equilibrium spectrum was established in it, i.c., as in a real case,
energy distribution ofneutrons in the last layers was defined by the neutrons of the first group.
The following media were considered as the first layers: water, serpentine concrete, water-
iron mixture, polyethylene with boron and titanium hydride.

Lead of different thickness was taken as the second layer in all the considered compositions

While designing biological shielding of nuclear power plants there are two ways to produce
the desired total dose rate either to increase the thickness of their basic shielding material
(the first layer) or to add a blocking material layer after lead which at small thickness would
cut build-up factor to a minimum feasible value.

In thisreport two hydrogenous materials were studied as a blocking layer: polyethylene
with boron and titanium hydride with 2.5% boron content by weight,

EXPERIMENTAL DISTERMINATION OF DOSE BUTL.D-UP FACTORS
CALCULATED AND EXPERIMENTAL DATA COMPARISON

Lixperimental measurements of dose build-up factors were carried out for polyethylene,
serpentinite, titanium hydride with boron and a composition consisting of 50 em polycthylene
and 10 cm lead. The build-up factor was defined as a rtio of two values: total dose rate
from all energy neutrons and dose rate due to neutrons with Ey > 2ev,

Total dose rate was defined with the isodose detector [42]. Fast-neutron dosimeter with
a plexiglass tablet of Z,S(Ag) in the detecting element with 15 > 2 Mev was use for measuring
dose rate of neutrons.

Table 1ll rpresents experimental and calculated data according to build-up factors for
given homogencous materials and the composition.

As scen from the comparison of the calculated and experimental data the difference between
the caleulated dose build-up factors and measured ones does not exceed 20°%.

177 -8-
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The materials, gamma-quantum energies and maximum distances (in the mean free path
lengths) with the help of the narrow ray distribution functions were investigated,
Tuble'l

FKuergy y-quuntum I Mev

0.66 25

Investigated materinls

fto % toP

Water
Aluminium
Concrete
Iron

lead

The comparison of removal cross sections, cross sections produced by reciprocal relaxation

lengths and asymptotic cross sections.
Table 1T

barn

g,
(37] ol 8
1.4 — o Mev

Element Orem
barn barn

Lithium 1.01 1.07 1.03 [28]
Beryllium 1.07 1.15[9] 1.20 {28]
Boron 0.97 1.12 [38] 1.12 [28]
1.00 [27)
Carbon 0.81 0.75 0.95 [27]
Oxygen 0.74 0.74 [27]
Sodium 1.26 1.50 1.36 [27]
Magnesium 1.29 1.35 [2/]
Aluminium 1.30 1.42 [27]
Silicon 1.37 1.23 [28]
Potassium 1.57 1.54 [28]
1.39 [27]
Titanium 1.82 1.62 [27]
Chromium 1.77 1.98 [27]
Iron 1.98 1.81 [g] 1.87 [28]
Nickel 1.89 1.90 [26] 1.84 [27]
Copper 2.04 2.04 [28]
Zirconium 2.36 2.43 [27]
Niobium Columbium 2.37 2.30 [28]
Molybdenum 2.38 2.85 [28]
Barium 2.82 3.14 [28]
Tungsten 3.36 3.94 [27]
Lead 3.70 2.63 [27] 3.33 [27]
Bismuth 3.50 2.62 127 353 [27]

* The value 0']//\ for B was got from the measurements Y, for B4C (38] and oL = 0.75

for carbon,
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Calculated and experimental values of dose

build-up factors for various materials and
one composition,

Table JI

. : - Titanium hydride | 50 ¢m polye-
Material Polyethylene Serpentinite with boron thylene + 10 em
lead
Build-up factor experimental
value 2.1 2.05 2.76 3.5
Build-up factor calculated
value 1.9 245 2.4 3.5
377
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